Immunostaining and EMSA revealed that NF-jB was activated strongly by TNF/IFN-a compared to TNF alone in a human colon adenocarcinoma cell line, RPMI4788. Although inhibition of activated NF-jB, by using an NF-jB decoy, reduced cell viability after treatment with TNF only, NF-jB decoy resulted in recovery of cell viability after TNF/IFN-a treatment. Caspase-3 activity was increased in cells induced by TNF/IFNa, while suppression of caspase-3 activity was observed in cells transfected with NF-jB decoy and then treated by TNF/ IFN-a. On the other hand, Fas expression was strongly enhanced by TNF/IFN-a, and inhibition of TNF/IFN-a-induced NF-jB activation, by using NF-jB decoy, decreased Fas expression. Cell viability and caspase-3 activity decreased in cells treated with TNF/IFN-a and anti-FasL antibody. Taken together, our findings suggest that activated NF-jB induced by the crosstalk between TNF and IFN-a is a novel proapoptotic signal acting via enhancement of Fas expression.
Introduction
Tumor necrosis factor (TNF) is a proinflammatory cytokine with many biological activities including cytostatic and cytotoxic effects, differentiation, and proliferation in various tumor cells. 1, 2 These biological properties are mediated via two distinct cell surface receptors, tumor necrosis factor receptor 1 (TNFR1) and TNFR2. 3, 4 The majority of known TNF activities have been attributed to TNFR1. Direct signaling through TNFR2 occurs less extensively, and appears to be mainly confined to cells of the immune system. TNF initiates its signaling by binding to and trimerizing TNFR1. TNFR1 interacts directly with its signal transducer, TNFR1-associated death domain protein (TRADD), which is involved in activating two distinct pathways including apoptosis and nuclear factor-kappa B (NF-kB) transactivation. 5 To induce apoptosis, TRADD interacts with Fas-associated death domain protein (FADD), which consequently activates procaspase-8 that leads to the progress of the caspase cascade. 6, 7 TRADD also interacts with TNF receptor-associated factor 2 (TRAF2) and receptor-interacting protein (RIP) to activate NF-kB. This interaction phosphorylates and activates NF-kB-inducing kinase (NIK). 8 The inhibitor of NFkB (IkB) kinase (IKK) complex 9 , composed of IKKa 10 and IKKb 11 , is phosphorylated by the activated form of NIK. NIKinduced activated IKK phosphorylates IkB, 12 which inhibits translocation of NF-kB, at specific serine residues (serine 32 and 36 in IkBa, serine 19 and 23 in IkBb). [12] [13] [14] [15] Phosphorylation of IkB at specific serine residues initiates the ubiquitination of IkB and recognition by the 26S proteasome. 16, 17 NF-kB is released after IkB is degraded and promptly translocates to the nucleus, binds to the kB site on DNA, and initiates transcription of target genes, including Fas, FasL, c-myc, and IkBa.
The antitumor effect of TNF is enhanced by interferons (IFNs). 2, 18 Recently, we reported that TNF/IFN-a combined treatment inhibited the in vitro and in vivo proliferation of human colon adenocarcinoma cells. 19, 20 Previous reports demonstrated that TNF-activated NF-kB has an antiapoptotic effect. [21] [22] [23] [24] [25] Beg et al. 21 showed that TNF treatment of fibroblasts and macrophages from RelA-deficient (RelA TNF-induced antitumor effects were enhanced by inhibition of NF-kB activation by transfecting the dominant-negative mutant IkBa, which was not phosphorylated at specific serine residues and not dissociated from NF-kB, into human fibrosarcoma cells, human embryo fibroblasts, and rat mesangial cells. [22] [23] [24] Otsuka et al. 25 also reported that introduction of dominant-negative NF-kB into malignant glioma cells, together with TNF, augmented sensitivity to TNF and resulted in a significant decrease in cell number, and that cell cycle analysis revealed this growth inhibition was because of impairment of cell cycle progression. Therefore, we hypothesized that TNF/IFN-a prevented NF-kB activation, and investigated whether apoptosis and NF-kB activation were altered when cells were treated with TNF/IFN-a.
Recent studies demonstrated that the transcriptional activities of DNA-binding proteins could be inhibited by double-stranded oligodeoxynucleotides (ODNs) that compete for binding to their specific target sequences in promoters and enhancers. [26] [27] [28] The NF-kB decoy ODN, which comprised 20 bp of double-stranded ODN with high affinity for NF-kB, inhibited binding of NF-kB to DNA by competitively binding to the kB site and blocking transcription of target genes. 27, 28 Thus, we used this decoy to inhibit NF-kB activation, and examined whether cell viability was altered by this inhibition in tumor cells treated with TNF/IFN-a. Although nonviral gene transfer vectors, for example lipofection methods, have been developed as therapeutic or research strategies, their main limitation has been low efficiency of gene expression. To overcome this problem, Kaneda et al. 29, 30 produced a new class of transfection vehicles, hemagglutinating virus of Japan (HVJ)-liposomes. This vector is several times more efficient in transfection than conventional vehicles. Thus, we used HVJliposomes as transfer vectors to efficiently transfect the NF-kB decoy into tumor cells.
Recently, Ouaaz et al. 31 reported that combined TNF and IFN-g treatment upregulated Fas mRNA expression in mouse fibroblasts. Moreover, recent studies have demonstrated an NF-kB binding site on the human Fas promoter. 32 Thus, we also tested whether TNF/IFN-a altered Fas expression.
In the present study, we investigated the relation between NF-kB activation and apoptosis in tumor cells treated with TNF/IFN-a. Our results showed that NF-kB activation induced by TNF/IFN-a is a novel proapoptotic signaling pathway acting via enhancement of Fas expression.
Results

TNF/IFN-a inhibited cell growth
We first confirmed the viability of RPMI4788 cells treated with each cytokine alone. RPMI4788 cells were seeded onto sixwell plates at 10 5 cells/well. After preculture for 48 h, cells were treated with cytokines for 24, 48, and 72 h as indicated and then harvested. Viable cells were counted by trypan blue exclusion, and relative viability was calculated. As shown in Figure 1 , treatment of RPMI4788 cells with TNF/IFN-a markedly reduced their viability. After 72 h of TNF/IFN-a cotreatment (10 4 HU/ml), cell growth was strongly inhibited (35.4% (TNF/IFN-a) versus 75.3% (IFN-a alone) and 77.1% (TNF alone)). These findings suggest that TNF/IFN-a may have an additive antitumor effect.
TNF/IFN-a enhanced apoptosis
Treatment with IFN-a or TNF alone, or TNF/IFN-a cotreatment, exerted an anticellular effect on RPMI4788 cells. TNF is cytotoxic to tumor cell lines, because of induction of apoptosis. 5, 6, [21] [22] [23] We therefore investigated whether TNF/ IFN-a would induce apoptosis of RPMI4788 cells. After treatment with each cytokine for 24, 48, and 72 h as indicated, cells were harvested, and whole-cell extracts were prepared as described in Materials and Methods. Cleavage of poly (ADP-ribose) polymerase (PARP) was analyzed by Western blot analysis using 40 mg of whole-cell extracts to investigate the possible induction of apoptosis. As shown in Figure 2 , TNF/IFN-a cotreatment for 24 h was associated with low-level cleavage of PARP, and this cleavage increased significantly in a time-dependent manner. In contrast, little PARP cleavage was induced by IFN-a or TNF treatment alone. These data suggested that TNF/IFN-a strongly induced apoptosis of RPMI4788 cells.
TNF/IFN-a activated NF-jB
We demonstrated that TNF/IFN-a cotreatment significantly reduced viability of RPMI4788 cells because of enhanced apoptosis. TNF induces both apoptosis and NF-kB activation; the latter effect serves an antiapoptotic function in tumor cells. [21] [22] [23] [24] [25] Thus, we hypothesized that NF-kB activation may be inhibited by TNF/IFN-a, and that growth of RPMI4788 cells might be prevented by this inhibition. We therefore investigated whether NF-kB activation was altered in RPMI4788 cells treated with TNF/IFN-a. First, we studied the nuclear translocation of NF-kB in RPMI4788 by immunohistochemistry. Cells were treated with or without IFN-a (10 2 -10 5 IU/ml), TNF (0.14-140 ng/ml), or TNF/IFN-a (10 2 -10 5 HU/ml) for 5-90 min, and immunohistochemistry was performed as described in Materials and Methods. Examples of NF-kB staining are shown in Figure 3a Figure 4 . NF-kB was most strongly translocated to nuclei by TNF/IFN-a combination for all treatment durations. In addition, NF-kB translocation induced by TNF/IFN-a occurred early, by 10-15 min, which differed from translocation induced by TNF treatment alone in the early phase. NF-kB nuclear translocation was strongest after TNF/IFN-a treatment for 30-60 min, and continued until 90 min; the duration of nuclear translocation of NF-kB induced by TNF/IFN-a combined treatment exceeded that induced by TNF alone.
We then investigated whether activation of NF-kB detected by immunohistochemical analysis actually correlated with NFkB binding to DNA, as detected by electrophoretic mobility shift assay (EMSA). Following treatment of cells with or without each cytokine (IFN-a 10 4 IU/ml, TNF 14 ng/ml, combination 10 4 HU/ml) for 10-120 min, nuclear extracts were prepared as described in Materials and Methods, and NF-kB activation was then analyzed using EMSA. As shown in Figure 5 , consistent with the immunohistochemical analysis, TNF/IFN-a induced the strongest NF-kB DNA binding activity; the duration of NF-kB activation was also longest after TNF/IFN-a cotreatment. Taken together, these results suggested that TNF/IFN-a activated NF-kB more strongly in the early phase and that this activation continued for a longer duration, compared to TNF alone.
Inhibition of NF-jB activation recovered cell viability after TNF/IFN-a cotreatment
Contrary to our expectation, TNF/IFN-a activated NF-kB most strongly, although this combination was also the most potent inducer of apoptosis. Whether the activated NF-kB induced by TNF/IFN-a was antiapoptotic was not clear, although TNFinduced NF-kB was known to be antiapoptotic. In the next step, we therefore examined the relation between NF-kB activation induced by TNF/IFN-a and apoptosis, by determining whether an NF-kB decoy could alter cell viability by inhibiting NF-kB activation. The NF-kB decoy comprised ODNs that block the binding of NF-kB to promoter regions of targeted genes by competitively binding to the kB site, resulting in inhibition of gene activation in vivo. Therefore, target gene transcription should be blocked by NF-kB decoy, but nuclear translocation should be unaffected if the action of the ODN is to block DNA binding. To confirm this hypothesis, nuclear translocation was examined in cells induced via TNF/ IFN-a and treated with or without NF-kB decoy. As shown in Figure 6 , neither NF-kB nor the scramble decoy affected NFkB translocation.
We then tested whether the NF-kB decoy could block NF-kB activation in our experimental model. Cells were seeded into 75 cm 2 flasks at 10 6 cells/flask, precultured for 48 h, and then transfected with either NF-kB decoy (20 or 40 mg/ml) or scramble decoy (40 mg/ml) as described in Materials and Methods. The cells were then treated with TNF/IFN-a combination (10 4 HU/ml) for 15 min, and nuclear extracts were prepared. NF-kB activation was then analyzed using EMSA. As shown in Figure 7 , although NF-kB activation was strong in cells without decoy treatment, transfection of NF-kB decoy (20 or 40 mg/ml) blocked NF-kB activation, and scramble decoy did not affect NF-kB activation by TNF/IFN-a cotreatment. Therefore, we concluded that 20 mg/ml of NF-kB decoy efficiently inhibited NF-kB activation by TNF/IFN-a cotreatment.
Next, we examined whether inhibition of TNF/IFN-ainduced NF-kB activation by the NF-kB decoy affected cell viability. RPMI4788 cells were seeded onto six-well plates, and transfected with either NF-kB decoy or a scramble decoy as described in Materials and Methods, after preculture for 48 h. We then treated the cells for 48 h with or without each cytokine as indicated, and viability was examined by trypan blue exclusion. Relative viabilities of RPMI4788 cells, treated with or without cytokines, are shown in Figure 8a . No difference in cell viability was detected in the control or IFNtreated cells when the NF-kB decoy or scramble decoy was added. In contrast, TNF treatment combined with the NF-kB decoy reduced cell viability, whereas the scramble decoy alone had no effect. These findings are consistent with TNFinduced activation of NF-kB functioning in an antiapoptotic manner. The NF-kB decoy resulted in improved cell viability by about 25% after TNF/IFN-a cotreatment, whereas the scramble decoy had no influence. We then investigated whether the recovery of cell viability by inhibiting NF-kB activation in cells treated with TNF/IFN-a was because of reduction of apoptosis. Cells were seeded onto six-well plates at 10 5 cells/well and precultured for 48 h. After transfecting with or without NF-kB decoy, cells were treated with or without TNF/IFN-a (10 4 HU/ml), lysed, and caspase-3 activity was measured as described in Materials and Methods. As shown in Figure 8b , strong caspase-3 activity was detected in cells treated with the TNF/IFN-a combination, while caspase-3 activity was reduced by about 40% when cells were treated with both TNF/IFN-a combination and NF-kB decoy. These findings suggest that the NF-kB activation induced by TNF/ IFN-a was proapoptotic in RPMI4788 cells, whereas in contrast, TNF-induced NF-kB was antiapoptotic.
TNF/IFN-a enhanced Fas expression
Ouaaz et al. 31. reported that combined TNF and IFN-g treatment upregulated Fas mRNA expression in fibroblasts. Moreover, recent studies have revealed an NF-kB binding site on the human Fas promoter. 32 We therefore investigated whether Fas protein was upregulated when RPMI4788 cells were treated with either cytokine. Cells were treated (or untreated, control) for 48 h with each cytokine, and then whole cell extracts were prepared as described in Materials and Methods and subjected to immunoblot analysis to investigate Fas expression. As shown in Figure 9a , Fas protein expression was strongly enhanced by TNF/IFN-a, and also enhanced to a small extent by TNF or IFN-a treatment alone.
We then tested the effect of treatment of RPMI4788 cells with each cytokine alone, or TNF/IFN-a, together with the NF-kB decoy, on Fas protein expression. After transfection of the NFkB decoy or scramble decoy, cells were treated with or without IFN-a (10 3 or 10 4 IU/ml), TNF (1.4 or 14 ng/ml), or TNF/IFN-a (10 3 or 10 4 HU/ml) for 48 h, followed by cell lysis and Western blotting for Fas expression. As shown in Figure 9b , addition of the NF-kB decoy to inhibit NF-kB activation resulted in decreased Fas protein expression in the TNF/IFN-a group, whereas no change was observed after addition of the NF-kB decoy in cells treated with TNF or IFN-a alone (data not shown). The scramble decoy had no influence in any group. Thus, inhibition of NF-kB activation by the NF-kB decoy induced decreased expression of Fas protein and improved cell viability in cells treated by TNF/IFN-a. Therefore, we investigated whether cell viability was altered by enhanced Fas expression through activation of NF-kB via TNF/IFN-a. To clarify this issue, we used anti-Fas ligand (FasL) antibody. Cells were seeded onto six-well plates, pre-cultured for 48 h, and treated with or without anti-FasL antibody in addition to TNF/IFN-a cotreatment. After 48 h, relative viability was calculated using the were treated with or without each cytokine (IFN-a 10 4 IU/ml, TNF 14 ng/ml, combination 10 4 HU/ml (10 4 IU/ml of IFN-a+14 ng/ml of TNF)) for the indicated times, and then harvested and lysed as described in Materials and Methods. Equal amounts of nuclear extracts were subjected to EMSA with a Figure 10a , viability in the cells treated with both TNF/IFN-a combination and antiFasL antibody was improved by about 30%. In the next step, we examined whether recovery of viability in the cells treated with both TNF/IFN-a combination and anti-FasL antibody was because of a suppression of the apoptotic function of Fas. Cells were treated with or without anti-FasL antibody, in addition to treatment with TNF/IFN-a combination, lysed, and subjected to a caspase-3 activity assay. Results of relative caspase-3 activity are shown in Figure 10b . Caspase-3 activity was reduced by about 30% in cells treated with TNF/IFN-a combination and anti-FasL antibody in comparison to the effect of TNF/IFN-a cotreatment only. Therefore, we concluded that enhanced Fas expression via TNF/IFN-a induced apoptosis.
Discussion
TNF exerts its cytotoxic effects by inducing apoptosis in tumor cells. In addition, TNF is a cytokine with diverse biological effects, including differentiation and proliferation. Moreover, TNF activates a nuclear transcriptional factor, NF-kB, which is also activated by other stimuli, including anticancer agents and lipopolysaccharide (LPS). NF-kB activated by these stimuli functions as an antiapoptotic molecule. [21] [22] [23] [24] Interestingly, our results provide evidence demonstrating that activated NF-kB induced by the cytokine crosstalk between TNF and IFN-a functions in a novel proapoptotic manner, acting through enhancement of Fas expression.
Published studies have shown that combined TNF and IFNg treatment enhanced NF-kB activation in preneuronal cells and fibroblasts. 31, 33, 34 Ouaaz et al. 31 demonstrated that cytotoxicity of TNF was enhanced by addition of IFN-g in mouse embryonic fibroblasts. This cytotoxicity was shown to be because of apoptosis induced by interaction of Fas and FasL, and the activation of NF-kB induced by combined treatment with TNF and IFN-g was demonstrated to function in a proapoptotic manner. 31 Another report showed that activated NF-kB exhibited opposite functions following induction by different treatments in a single cell line; NF-kB activation induced by combined treatment with PMA and ionomycin was proapoptotic in a T-cell hybridoma cell line, whereas glucocorticoid-induced NF-kB was antiapoptotic in the same cells. 35 TNF/IFN-a induced a cytotoxic response in certain tumors, [18] [19] [20] and also had crosstalk interactions in immune responses. 36 We therefore investigated whether NF-kB activation induced by TNF/IFN-a, had an antiapoptotic or proapoptotic effect. We used an NF-kB decoy to inhibit NF-kB activation to address this question. Cell viability recovered about 25% by inhibiting NF-kB activation after TNF/IFN-a cotreatment, although the cell viability was further decreased in cells treated with TNF alone. We examined caspase-3 activity to determine whether the recovery of viability in cells after inhibition of NF-kB activation via TNF/IFN-a treatment by We postulated that the reason why NF-kB activation induced by TNF/IFN-a was proapoptotic in RPMI4788 cells might be attributed to differences in downstream signal transduction induced by TNF/IFN-a or TNF-a alone. Previous studies demonstrated that the kB binding site is present in the Fas promoter in T-cell lines, and that recruitment of NF-kB to the kB site is necessary for enhanced Fas expression. 31, 32 NF-kB activation is also necessary for reinforcing Fas expression in glial cells. 37 Therefore, we assayed Fas expression as a downstream target of apoptotic signal transduction after NF-kB activation. Fas expression was enhanced strongly by TNF/IFN-a. Conversely, Fas expression was reduced by NF-kB decoy inhibition of NF-kB activation induced by TNF/IFN-a. Furthermore, inhibition of Fas expression by anti-FasL resulted in a recovery of cell viability by about 30% as well as a decrease of caspase-3 activity. Therefore, we propose that NF-kB activation induced by TNF/IFN-a has a proapoptotic function, which induces apoptosis via enhancement of Fas expression in tumor cells.
Although the mechanism of enhancement of Fas expression by TNF/IFN-a is not yet clear, we can speculate on several factors. Functional analysis using reporter constructs and transient transfections identified a silencer activity residing in the promoter of the Fas gene. 38 Yin Yang-1 (YY1) is a DNAbinding zinc-finger transcription factor functioning as an activator, a repressor, and an initiator of transcription. 39 Nitric oxide (NO) has been implicated in transcriptional control, and serves as an intracellular second messenger to modify gene expression. In a recent study, IFN-g was reported to increase the generation of NO by induction of inducible nitric-oxide synthase (iNOS), which sensitized ovarian tumor cells to Fasinduced apoptosis. 40 (IFN-a 10 4 IU/ml, TNF 14 ng/ml, combination 10 4 HU/ml (10 4 IU/ml of IFNa+14 ng/ml of TNF)) for 48 h. After treatment for 48 h, cells were collected, and viable cell numbers were counted by trypan blue exclusion. Relative viability was calculated as follows: relative viability (%)¼(viable cell numbers in treated group/ viable cell numbers in control group) Â 100. Data from four independent experiments involving triplicate assays were averaged and presented as mean +S.D. (b) Cells were seeded onto six-well plates at 10 5 cells/well and pre-cultured for 48 h. After transfecting with or without NF-kB decoy, cells were treated with or without TNF/IFN-a combination (10 4 HU/ml (10 4 IU/ml of IFN-a+14 ng/ml of TNF)), and subjected to caspase-3 activity assay as described in Materials and Methods. Relative caspase-3 activity was calculated as follows: relative caspase-3 activity¼caspase-3 activity of cells treated with TNF/IFN-a combination or caspase-3 activity of cells treated with both TNF/IFN-a combination and NF-kB decoy/caspase-3 activity of cells treated without TNF/IFN-a and NF-kB decoy. Data from independent experiments involving triplicate assays were averaged and presented as mean 7S.D inactivation of the transcriptional repressor YY1 DNA-binding activity in the silencer region of the Fas promoter. Thus, NO promoted the removal of YY1 repressor activity, and freed the Fas promoter to increase transcriptional activation of the Fas gene. 41 In another recent study, exposure of AD10 cells to IFNg sensitized the tumor cells to TNF-mediated cytotoxicity in a dose-dependent manner, and this sensitization was significantly decreased in the presence of iNOS inhibitor. 42 Conversely, NF-kB has been shown to be an important regulator of iNOS. 42 Taken together, these reports and our results lead us to propose that IFN-a has synergistic activity with NF-kB on Fas expression through production of NO, which releases suppressor elements in the Fas promoter, and thus activates its transcription.
In summary, TNF/IFN-a combined treatment induced stronger and earlier NF-kB activation compared with TNF treatment alone. This activation was initiated by prolonged IkBa degradation, and functioned in a proapoptotic manner by enhancement of Fas expression. Our observations provide the first evidence in carcinoma cells indicating that TNFinduced NF-kB activation, which has an antiapoptotic function, may be modified to a proapoptotic function by cytokine crosstalk between TNF and IFN-a. Such actions might be of clinicopharmacological value, where apoptosis of tumor cells could be efficiently induced by TNF/IFN-a and FasL, or upregulators of FasL in combination might become a clinically applicable new strategy in cancer therapy.
Materials and Methods
Cell culture and cytokine treatments
Human colon adenocarcinoma cells, RPMI4788, were kindly provided by the Roswell Park Memorial Institute (Buffalo, NY, USA). Cells were maintained in RPMI1640 medium (Nissui Seiyaku Co., Tokyo, Japan) supplemented with 10% fetal calf serum (FCS), 25 mM HEPES, 100 U/ml penicillin, and 100 mg/ml streptomycin in a humidified incubator containing 5% CO 2 , and used for in vitro assays. TNF and IFN-a, produced from HVJstimulated B-cell acute lymphatic leukemia line (BALL-1) cells and purified to homogeneity as judged by SDS-polyacrylamide gel electrophoresis, were kindly supplied by Hayashibara Biochemical Laboratories, Inc. (Okayama, Japan). 43 The molecular weight of TNF is 17 000 Da and the specific activity is 3 Â 10 6 JRU/mg protein. Our standard was titrated against a Japanese Reference (J-PS5KO 1, National Institute of Health, Tokyo, Japan). The titers of IFN-a were determined in a cytopathic effect inhibition assay using human FL cells challenged with sindbis virus, and standardized against an international reference preparation of human IFN-a (Ga23-901-532). 44, 45 Tumor cells were treated with or without cytokines as follows. control group: complete medium without cytokines; IFN-a group: complete medium with IFN-a (10 2 -10 5 IU/ml); TNF group: complete medium with TNF (0.14-140 ng/ml); combination group: complete medium with IFNa+TNF. The combination group was prepared as follows. 10 2 HU/ml: 10 2 IU/ml of IFN-a+0.14 ng/ml of TNF; 10 3 HU/ml: 10 3 IU/ml of IFNa+1.4 ng/ml of TNF; 10 4 HU/ml: 10 4 IU/ml of IFN-a+14 ng/ml of TNF; and 10 5 HU/ml: 10 5 IU/ml of IFN-a+140 ng/ml of TNF.
Cell viability
Cells were seeded onto six-well plates at 10 5 cells/well, and precultured at 371C for 48 h. The medium was then removed by aspiration and replaced with a fresh culture medium containing each cytokine. Cells were treated for 24, 48, or 72 h and then collected by trypsinization. Viable cell numbers were simultaneously counted by trypan blue exclusion. Relative viability was calculated as follows: relative viability (%)¼(viable cell numbers in treated group/viable cell numbers in control group) Â 100. saline (PBS), and then fixed in cold 20% formaldehyde for 10 min. Immunohistochemical staining was performed using a Histofine SAB PO kit (Nichirei, Tokyo, Japan). Briefly, endogenous peroxidase was blocked by incubating the fixed cells in 3% H 2 O 2 in methanol for 15 min. After blocking of nonspecific reactivity with normal goat serum for 10 min at room temperature, cells were incubated overnight at 41C with the primary antibody. Identification of the distribution of primary antibody was achieved by subsequent application of a biotinylated antiprimary antibody and streptavidin-peroxidase. Immunostaining was detected using DAB/H 2 O 2 solution (Histofine DAB substrate kit; Nichirei), and cells were counterstained with methyl green. Nuclear translocation of NF-kB was considered positive if nuclear staining was predominant over cytoplasmic staining or if only nuclear staining was detected. The percentage of positively stained nuclei was semiquantitatively evaluated by counting at least 2000 cells/ slide as follows: Ratio of nuclei positively stained cells (%)¼(number of nuclei positively stained / total cells counted) Â 100.
Immunohistochemical analysis
Preparation of whole-cell extracts
Cells were washed with PBS, harvested, pelleted, and resuspended in lysis buffer (20 mM Tris-HCl [pH 7.6], 150 mM NaCl, 1 mM CaCl 2 , 1 mM MgCl 2 , 1% NP-40, 10% glycerol, 1 mM dithiothreitol [DTT], 20 mg/ml aprotinin, 20 mM leupeptin, and 1 mM phenylmethylsulfonylfluoride (PMSF)). After 30 min on ice, the lysates were resuspended, and centrifuged at 15 000 r.p.m. at 41C for 60 min. The supernatants were used as whole-cell extracts. Protein concentrations were determined using the Bio-Rad protein determination method (Bio-Rad, Hercules, CA, USA).
Preparation of nuclear extracts
Cells were washed with PBS, harvested, pelleted, and resuspended in lysis buffer (10 mM Tris-HCl (pH 8.0), 60 mM KCl, 1 mM EDTA, 1 mM DTT, 0.2 mM PMSF, 20 mg/ml aprotinin, 20 mM leupeptin, and 0.5% NP-40). After 5 min on ice, the lysates were centrifuged at 2500 r.p.m. at 41C for 5 min. The supernatant was removed and the pellet was briefly washed in lysis buffer free of NP-40, and centrifuged at 1200 r.p.m. The pellet was resuspended in an equal volume of nuclear extract buffer (20 mM Tris-HCl (pH 8.0), 420 mM NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, and 25% glycerol). After a 10-min incubation at 41C, the suspension was briefly vortexed and centrifuged at 14 000 r.p.m. for 5 min. The supernatant was removed, and used as a nuclear extract. Protein concentrations were determined by the same method as described for whole-cell extracts.
Western blot analysis
Equal amounts of proteins were electrophoresed under reducing conditions on 7.5-12% polyacrylamide gels. Proteins were electrophoretically transferred to hybond-polyvinylidene difluoride (PVDF) transfer membranes and incubated with primary antibody followed by peroxidaselinked secondary antibody. An Amersham ECL chemiluminescent Western system (Amersham Pharmacia Biotech, Tokyo, Japan) was used to detect secondary probes.
Antibodies
Monoclonal mouse anti-PARP antibody (BIOMOL Inc., Plymouth Meeting, PA, USA) was used for assay of PARP cleavage. Polyclonal rabbit anti-NF-kB antibody (Santa Cruz Biotech, Santa Cruz, CA, USA) and monoclonal mouse anti-Fas antibody (Santa Cruz) were used for detection of nuclear translocation of NF-kB and Fas protein expression, respectively. Whole-cell extract of human HL-60 leukemia cells, induced to undergo apoptosis by etoposide (BIOMOL Inc.), was used as a positive control for PARP cleavage. Anti-human FasL antibody was obtained from MBL Co. Ltd. Nagoya, Japan, and used at a concentration of 0.1 mg/ml for neutralizing the cytotoxic activity of Fas. GGG GAC TTT CCC TAG C-3') was end-labeled with g-32 P-ATP and used as a probe. The binding reaction of 5 g nuclear extract and 32 P-labeled DNA was performed in incubation buffer on ice for 30 min. The resulting complexes were resolved on polyacrylamide gels. Gels were dried and DNA-protein complexes were visualized by autoradiography. Transfection of NF-jB decoy in vitro HVJ-liposome complexes containing ODN at 3 mM were kindly provided by Dr. Y Kaneda (Division of Gene Therapy Science, Osaka University Medical School, Osaka, Japan). Cells were seeded onto six-well plates at 10 5 cells/well and precultured at 371C for 48 h. Next, the medium was replaced with fresh medium containing 20 ml HVJ-liposome complexes and reincubated for 2 h to transfect decoy ODNs to tumor cells. After transfection of decoy ODNs, cells were treated with cytokines and cell viability was examined as described above.
Electrophoretic mobility shift assay (EMSA)
EMSA
Decoy oligodeoxynucleotide sequences
Assay for caspase-3 activity
Caspase-3 activity assay was performed according to the manufacturer's protocol (Caspase-3/CPP32 fluorometric protease assay kit; MBL, Nagoya, Japan). Briefly, cells were seeded onto six-well plates at 10 5 cells/well and precultured at 371C for 48 h. Cells were then treated with or without cytokines for 48 h, washed once with PBS, and collected by scraping. Treated cells were suspended in cell lysis buffer for 40 min at 41C and protein concentrations were determined using the Bio-Rad protein determination method (Bio-Rad). Protein (25 mg) in 50 ml of cell lysis buffer was added to 50 ml of reaction buffer and 5 ml of the 1-mM DEVD-AFC substrate and incubated at 371C for 1 h. Samples were read in a fluorometer (Spectrofluorophotometer RF-1500; SHIMADZU, Kyoto, Japan) with a 390-nm excitation filter and 510-nm emission filter.
